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Abstract

What processes control ¢ga-scale ariations of deep cection (LSVDC) in the trop-
ics? Here ‘lage-scale’ is tain to mean ancoherent ariations, in either space or time,
comprised of statistical populations of separatevectve cloud systems. This essay
highlights the distinction between processes which supply moisturaitelde enagy
over the depth of the ceacting layer équilibrium control), versus inhibition and initia-
tion processes atwolevels @ctivation control), as lypotheses forglaining LSVDC.

Conceptual separations of the LSVDC problem argenesd. Scale separation,
though rigorous, is artificial, since net heating esalleep corective clouds multiscale,
or spectrally red. Moist-drpr diabatic-adiabatic, separation is more useful. An ill-posed
hybrid separation - ‘the interaction of moist gention with lage scales’ - has spaed
confusion. Correlations between deepwamtion and its wn lage-scale components
(suggestiely labeled ‘forcing’) hae been misinterpreted asigence for equilibrium
control. This &ternalization of lage-scale grtical \elocity also encourageserinter-
pretation of a fictitious ‘compensating subsidence’ term.

Published @idence for equilibrium control theories is critically neaenined. The
deep-cloud quasi-equilibrium obsations of Arakaa and Schubert ould hold for
arbitrarily determined ariations of cowection, because stratified fluid dynamicg-ef
ciently redistrilutes localized heating, not becauseveation is controlled by sko deep
large-scale ‘forcing.A more sensitte test indicates that most tropical LSVDC are not
forced by prexisting deep upard motions.

Activation-control processes can operate on thgelapace scales and long time
scales that define LSVDC. Modulation of gention by easterly awes and uppetropo-
spheric troughs, and the climatological digitibn of cowectve cloudiness, arexam-
ined as ramples. Laver boundary flux enhancements and deep liftirgrteboth
equilibrium and actiation influences on cerction. The fipothesis that actation con-
trol may preail on all scales short of globallyeraged climate is ditult to refute.

Systematic study of cepctive cloud-ensemble sensities is badly needed. Unfor-
tunately current cloud ensemble modeling stgis, based on unnatural equilibrium-
control assumptions, render the results merely diagnostic.

To represent actation controls, lage-scale models need multipledés, and some
prognostic representation of the subgridscale inhomogeneitywdéle! fields.



1. Introduction

Precipitating deep cerction is a structural element of the global climate system, link-
ing the incoming solar radiation stream, which is primarily absorbed by thesesuth’
face, to the outgoing longwe radiation stream, which is tmly emitted by the
atmosphere. The mean thermodynamic state of the troposphere is determinedkby a b
radiative-corvective equilibrium, in which net radiag cooling is balanced by latent heat
release, primarily in deep ceective clouds (e.g. Riehl 1954, p364). In this climatic bal-
ance, covection is obedient and resporesito the rather more inflible radiative forc-

ing, as gidenced by thedct that the mean stratification is nearer to a moist adiabatic
than to a radiate-equilibrium profile (Emanuel 1994, p476).

On sub-global scales, Wwever, the intensity of tropical deep ogettion \aries on a
wide range of space and time scales that age haith respect to indidual clouds and
even with respect to mesoscale eecive systems. It is thedarge-scale variations of
deep convection (LSVDC) that we seek to understand. gesscale gradients of latent
heating (as indicated by precipitation, moisturevemgence, 200 mb dergence, upward
motion, high cloudiness, outgoing longwe radiation, and other Igely redundant indi-
ces, here lumped under the term “deepveotion”) drive deep, lage-scale circulations
in the \ertical plane. These circulations include the climatological Haale \Walker
cells and a wide ariety of transient werturnings. Fluid dynamical models simulate
obsened tropical circulations ranging from mesoscale to synoptic to planetary-scale
flows quite well, gien heating distriltions resembling obserd cowection fields. But
to what etent, and hw, do these circulations in turn determine thgdascale structure
of the cowection field? The answer to this question, sometimes called the “closure prob-
lem” in cumulus parameterization literature, is the missing link in our understanding of
the moist circulations of the tropical troposphére.

The first step in tackling such a question must be a clear definition of terms. Unfor-
tunately this subject has defed from a great deal of confusiorrlexample, some ter-
minology commonly used to discuss the problem (‘the interaction of moigéction
with large scales’, section 2) contains a fundamental conceptwaBi#fly, deep moist
convectionis a lage-scale phenomenonjem when it taks the form of spatially small
cumulonimhus, because precipitation is a pastdefinite quantity

This chapter bgins, in section 2, with the foundation issue ofvito separate the
problem of LSVDC into parts for analysis. Scale separation and moist-dry separation are
carefully considered. Section 2 may at first seem something of a digression from the titu-
lar theme of deepersus lav-level controls on corection. But the ‘deep’ aspects of the

1.A similar balance holds for the tropical belt alone, to ttierg that heat flux caergence is small compared

to radiatve cooling and latent heating within theyien.

2. This discussion focuses dgnamically induced variations of deep cemBction, as opposed toder bound-

ary induced griations, because the latter are more ambiguous in terms of our titular distinction (see section 6).
Furthermore, we focus on ocgttion within ~15 dgrees of the equatovhose heating &fcts are not highly

trapped in a local ggon by geostrophic adjustment processes.



influential equilibrium-control school of thought are hidden within a deg@lacale/
slowly-varying compl& of assumptions that must first be dissected.

Section 3 highlights the distinction between inhibitory processesvdelels @cti-
vation control), and a&ailable enagy-generating processes operatingrothe depth of
the cowecting layer €quilibrium control), as competing ypotheses for »plaining
LSVDC. These tw strains of thought a run through corective meteorology since its
inception, encapsulated in thery concept of conditional instabiljitgs measured by its
two main endgy indices: cowective inhibition (CIN) or ngative area on a thermody-
namic chart, and ceective aailable potential engy (CAPE), or positie area. W
resere some flgibility in how exactly to define these quantities.

Section 4 is dented to a critique of publishedidence for equilibrium control theo-
ries. Briefly these theories postulate that dynamical LSVDC are causedvihydglep,
large-scale circulations dérentially supplying @ailable enegy (or moisture). Corec-
tive cloud populations are wsioned as dicient consumers of this dérential supply
whence the corection field inherits its nonuniformityn this sense, equilibrium-control
theories could perhaps be termed “supply-side” theories. dideree for equilibrium
control is found to be weak, mainly because insesesitists hee been used. More sensi-
tive tests indicate that equilibrium control is notvyattent in the tropics.

Section 5 summarizes, and adates wider consideration of, aetion-control
ideas, which suppose that deepwamtion frequeng is determined by initiation pro-
cesses, and inhibition thereofea on quite lage scales. Admiliar xkample ivolves the
trade iversion at ~800 mbwver the subtropical and tropical oceans (e.g. Riehl 1954 and
refs), which lagely prevents the formation of deep camttion wer vast rgions of the
globe where conditional instability prals. When a lavertropospheric disturbance
breaks the wersion, deep caection can form rapidly without deep or uparel forc-
ing. Evidence for the aetition-control vievpoint is illustrated fordmiliar lage-scale
phenomena such as African eastery@s, an uppetropospheric trough, and the clima-
tological spatial distribtion of cowection.

Section 6 discusses ambiguous cases for the equilibrium waaticticontrol dis-
tinction. For some situations, such as deep lifting ahead of a midlatitude-wipper
spheric short ave, or aver positve sea suece temperature anomalies, the tinds of
theories both predict enhanced eection. The equilibrium vs. agtition control distinc-
tion probably maks an important quantitaé difference, bt not an easily-obseable
qualitative difference for covection predictions in these situations. Such situations are
therefore not sensité or discriminating tests of the avcompeting fpotheses. What is
needed is a careful analysis of processes that change CAPE and CIN indepesrdantly
least in ariable proportion.

2. Theinteraction of convection with other

The phenomenon of deep sewtion is by nr well documented (see e.g. Houze 1993,
Emanuel 1994). Freaubyant ascent of air from near the sué occurs quite intermit-



tently, usually in cells or bbles, often @anized on the mesoscale, typically along gust
fronts. Copious rain precipitates from the ascendingGurvective cells (with aspect
ratio of order unity) detrain great masses of cloudycafrating subsequent and adjacent
decks of precipitating stratiform cloud in the middle and upper troposphere, vgién lar
aspect ratios and sler ascent rates. The e@mttive and stratiform precipitation together
are described by the general term mesoscalective system (MCS).

The complementary set of processes with whichvectiiopn can meaningfully be
said to interact must be defined carefulgt we find oursebs discussing the interaction
of a phenomenon with (a smoothegtsion of) itself. Wo main lines of separation sug-
gest themsebks: scale separation (section 2.1), and moistetrgiabatic-adiabatic, sep-
aration (section 2.2). @/ague that the latter is more fruitful for scientific understanding.
Scale separation appears to align with engineering problems associated with numerical
modeling, loit is very artificial in terms of the pisics of comection. In addition, dfér-
ences between mathematical amdnacular concepts of ‘scale’ are dangerously subtle.
The greatest source of confusion in the field has been the mixing of tlesaye of
separating the problem (the ill-posed ‘moistagextive - lage-scale’ separation, section
2.3).

2.1. SCALE SERRATION

Scale separation is mathematically well-founded, and has been successfully used for
decades in the contieof dry turtulence. One approach is to choose a reference size, and
define as ‘lage-scale’ the ariation among\&erages wer regions of that size. Residual
variation (deiations from the @eraged or smoothediles) is called small-scale. Some
common reference scales include the size of a natural phenomenon; a deformation
radius; the size of an observing system such awiagande array; or the size of a grid-

box in a numerical model. Spectral decomposition, of whatriEr analysis is the most
familiar ekample, can also sex\as a source of unambiguous definitions of scale, at least
in one dimension. These methods can be used also in the time domain.

Unfortunately the word ‘scale’ also has intuite or \ernacular meanings that are
subtly diferent from the mathematically precise meanings.d€ample, autocorrelation
falloff is sometimes tadn to indicate scale. Are the subtropical high pressure - trade
wind systems, with theirabled steadiness and dar autocorrelation spanning nyan
thousands of kilometers, inherentlydar in scale than the circulations of the equatorial
region, where autocorrelatiomalfs of more rapidly with distance? Here the confusion is
betweenlarge-scale and the absence of small scales. Since correlation is eariance
divided by total ariance, simply adding small-scale noise to a field will erektocorre-
lation fall off faster with distance, although thegarscales are urfatted.

Perhaps the most pasive confusion is betweestale andphysical dimension. For
example, what is the scale of a precipitatingweative cloud 10 km wide? It may be
tempting to say 10 km, and thence to dismiss such clouds as small-at#at bould
be most misleading. The net precipitation (or heating) in such a cloussraatontrib-
tion to inteyrals wer aty and all reference scales which encompass the cloudvezqui



lently, in the urier decomposition of a posid-only point heating, all scales are
equally present, including zercavenumber (lagest possible scale}very precipitating
cloud has a large-scale essence, along with its decorate halo (in Burier space) of truly
small scales, because precipitation is pessitiefinite.

For example, consider the floin an infinite pool of shalle water after the intro-
duction of a wlume source, such as a stonewhron the poo]I? Neglecting nonlineari-
ties (such as the twikent splash, which could be misited by a gentler introduction of
the stone), the response consists of xgraerding ring, well described by linearawe
dynamics, that alters the height of the atefto account for the presence of the ssone’
volume. The gpandingsize of the response auld seem, in thearnacular sense, to con-
stitute an ‘up-scale’ gmath of the response with time. But the linear equationegung
free shallev water flav permit no engyy to change scales. All scales, including thg-lar
est scales, are present from the moment of the stemé’y The subsequent grth of
the afected area is simply the phasslation of the red spectrum of scalesited by
the stone. Thwing a stone into a lge pond is in part a lge-scale went, whateer the
physical size of the stone.

We see, then, that theowd scale must be used, and reaayy carefully In this light,
consider the opening sentence of Araaand Schubert (1974, hereafter AS74):

“The mary individual cumulus clouds which occur in agerscale
atmospheric disturbanceveaspace and time scales much smaller than the
disturbance itself. Because of this scale separation, it may be possible to
predict the time change of thedarscale disturbance by describing not
each of the manindividual clouds, bt only their collectre influence.

This is the goal of cumulus parameterization.

Here the lage-spatial-scale aspects of precipitating clouds are denied, or rather
defined avay, given over to the mysterious entity called agarscale disturbance. But at
the same time, this disturbance is presumed ¥e bhaime scale that is slorelative to
that of comection. The possibility of aakt, lage-scale component of deep cective
flows is implicitly nelected. Furthermore, it is implied that clouds cannot be treated col-
lectively without dewging the lage-scale part of their nature.

The lens of numerical modeling, through which AS74weid the problem of
LSVDC, encourages a scale-oriented analysierfwmodel has a grid scale, and the
modelers premise seems to be that phenomena which are welledsmil be well rep-
resented, so long as sub-gridscale edtces are properly accounted.ftfrone is opti-
mistic about the prospects for success, then perhaps it seems reasonablaltdaigk-
scale wariables, including ertical \elocity, as gven or knavn in the design of sub-grid-
scale parameterizations. These scale separation ideas of the early 1970s sprehd be
the engineering problem of cumulus parameterization. The GARP Atlardjucal

1. The linear problem of localized heating in a stratified fluid, as by a precipitating cloud, is identical.



Experiment (GAE) corvection obseration program &s designed around the concept
of scales and their interactions (Betts 1974b).

The peculiar importance of deep wention to lage-scale dynamics comes from the
fact that each precipitating cloud containgéascale latent heating. The peculiafidif
culty springs from theafct that this lage-scale heating is partly subject to small-scale
control. The central scientific challenge in problems of dynamically determined
LSVDC!is not to formulate the properties of ensembles of small-scalective eddies
in terms of a known large-scale average vertical velocity, as assumed by AS74. Rather
we need to understandad&nownn large-scalestate variables, in concert with small-scale
fluctuations that cannot begicitly resolved, produce the obsexd amount and type of
precipitating comection.

2.2. MOISTDRY SEFRARATION

The occurrence and form of a@ttive clouds is intimately lingd, by mass continuityo
motions in the surrounding atmosphere.tiie &tent that the motions of the \@ron-

ment occur in unsaturated ,diney are ivisible in visual and radar obseations. But to

that samexdent, the are described to high accuyary equations withery little inher-

ent uncertaintyThis suggests the utility of a moist/dor diabatic/adiabatic, separation

of the problem [e.g. G@ama 1971, Raymond 1983, Mapes and Houze 1995, Mapes (this
volume)]. The dynamics of moist oggttion are quite compte owing not only to satu-
ration and phase changdeetts hut also to complications wolving the micropksics of
condensed ater particles. But at least these ‘moist’ motions are vigorous and remotely
obsenable. Here is the hard nucleus of the problem, where attention should be focused.
The corresponding ‘dry’ motions are hard to obsehut are highly constrained by ines-
capable, simple equations.

The usefulness of the wieof ‘moist’ corvective heating interacting with ‘dry
dynamics vas called into question in the introduction of Emanuel et al (1994, ENB):

Riehl and Malkus (1958)...stved that latent heat release in tall cumu-
lonimbus clouds is an important eggrsource for lage-scale tropical cir-
culations...[their analysis] embodied awief tropical dynamics that
persists todayi.e. a viav in which cowection is rgarded as a heat source
for an otherwise dry circulation. 8\&hall ague that this ‘eternalization’
of corvective heating has had adgrand unfortunate fetct on thinking
about the interaction of moist agection with lage-scale floss...

Criticism of the final phrase is the subject of thetrsection. As for the utility of
the dry-moist separation, ENBpessimism seems misguided.

1. For climate questions, in contrast, the eddydkirf microplisical species arexeemely important for
simulations of cloud and ater \apor for radiatie transfer calculations.



ENB offer instead a vig of corvection as acting to reduce the (still pasi‘effec-
tive static stability’ or ‘gross moist stability’ felt by tg-scale dynamical motions (Gill
1982, Neelin and Held 1987, ENB). These ideas can be usedviatallne discrepagc
between the obsezd slav phase speeds of dynamical eective variations, such as the
intraseasonal or Madden-Julian (1994) oscillation, and the nastérfphase speeds of
dry waves with the sameevtical structure. The reasoning is that latent heating ivecen
tion partly balances the adiabatic cooling igioas of upvard motion, so the restoring
force (huoyang) felt by waves is reduced, and hencewe speeds are reduced.

But if moisture did indeed modify Ige-scale \ave dynamics in this ay, then a
separated theory cast in terms of\westive heating interacting with dry dynamicewd
still give the right answers. é\might compare this with a péicist's explanation for wiy
tinfoil is opaque: the light goes right through the foilyéiing as in free spaceubthe
electrons in the metal, jiggled by the lighfluctuating electric field, emit light of pre-
cisely canceling phase. A separatedwis not wrong, it wuld just be incoveniently
comple if the moist processes were indeed utterly obedient to th€driainly there is
evidence of vaeve signatures in cloudiness data (e.gkalyaln 1994), bt the relation-
ships are not crisp enough to indicate such obedience. Furthermore, other lines of theo-
retical reasoning can also be tuned to predict redueee speeds.

In summarythe ‘externalization’ of comective heating decried by ENB is actually a
frameawvork general enough to encompasy particular closed theory of condensation-
modified wave dynamics. @ abandon moist-dry separation @&dr of one particularer-
sion of moist dynamics therefore seems amanted. In dct, it may be gued that
moist-dry separation hasver been taén to its full theoretical fruition, mainly because
the releant sensitiities of cowective cloud ensembles toveronmental conditions e
never been properly assessed.

2.3. CONFUSION OF MOISDRY AND SCALE SERRRATIONS

The mixing of diferent types of separations has been a source of considerable confusion.
For example, if thediabatic upward motion in spatially small precipitating cumulonimbi

is implicitly consideredsmall-scale, then the ineitable correlations between cg@ttion

and lage-scale grtical motion are misinterpreted as ‘control’ of the former by the latter
(Fig. 1, section 2.3.1). Whdarge-scale upward motion is tacitly reinterpreted agia-

batic (or ervironmental) upward motion, a fictitious term, popularly described as ‘com-
pensating subsidentés mistalenly elevated to the status of psical reality (section
2.3.2). The décts of these ter misconceptions cancel each other in artificially-forced
cloud ensemble models with reflecting or periodic boundary conditions (section 2.3.3).
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Figure 1. Schematic of the interaction betweergkuscale and moist-ceective pro-
cesses. Adapted from Araka (1993).

Figure 1 is the first figure, on the second page, of the 1993 AMS monograph on the
representation of cerction in numerical models (Araka 1993), so carafrly be talen
as influential enough toawrant criticism. Wo non-werlapping bogs, labeled “moist-
convective processes” and “lge-scale processésre connected by ams labeled
“control” and “feedbacK.Similar diagrams, with more detail, may be found in Schubert
(1974), who credits Betts (1974b) for the feedback-control terminobogyin Hack et
al. (1984).

Suppose we ask, which box contains net precipitation, the (for some purposes) most
important process in deep e@ction? If the wrds in the right hand box areveved up,
then the diagram sk lage-scale processes interacting with the othenwerlapping
box. This appears to be a scale separation, so as discussed in section 2.1, the net precipi-
tation (by definition of ‘net’) is in the lge-scale processes box. But if wev@othe
words in the left hand box, the diagramwngeems to be describing a moist-otlinemce
moist-dry separation. Here the net precipitation lies in mfist-convective box. In
short, although the twboyes are dnan in a noneerlapping mannetarge-scale pro-
cesses and moi st-convective processes are not mutually exclusive: precipitation is both.

Large-scale processes
cross-isentropic fl@

NET CONDENSATION

rainfall
Moist-corvective processes

Figure 2. Suggestedwerlapping ersion of Figure 1.



To summarize, a more appropriate diagramadriapping lage-scale and moist-
corvective processes in a tropical emating rgion might look lile Figure 2. Figure 3
shavs the tvo ways, discussed abe, of breaking the problem into mutuallyctusive
parts: scale separation, and moist-dry separation.

large scale (incl. diabatig tractable dry dynamics

(intractable)

precipitating
convection as obseed

‘eddy’ clouds (unnaturaj)

TRUE SCALE SEFARATION MOIST-DRY SEFRARATION

Figure 3. The two ways of separating the dynamical LSVDC problem into mutually
exclusive, interacting parts.

One additional distinction is avth making in the conxt of the moist-dry separa-
tion: between diergent and rotational dry dynamics. Although this distinction is for-
mally untidy qualitatvely one can associate rotational dynamics with horizontal wind
circulations as seen on synoptic charts, anérgiént dynamics with ertical circula-
tions. Deep corection is linlked directly with deep dergent flavs. Although rotational
circulations hge slav characteristic time scales, e.g.ythgersist from day to day on
weather maps, we shall see in section 4.2.2 that deygéint flav has a &st time scale,
even on lage spatial scales.

2.3.1. Interpretation of large-scale / moist-convective correlations

The form that precipitation tak in thdarge-scale processes box is a net condensation,
obsenable with lage-scale data as both an apparent heat soureegfimss smoothed
isentropes), and an apparent moisture sinkv(floross smoothed specific humidity isop-
leths). Isentropes, and to a lesset ¢onsiderablexent specific humidity suates, are
nearly flat, lgel, and unchanging in the tropics. As a result, the cross-isentropicsflo
within obserational errors, well captured in diagnoses eftical \elocity, whether in
isentropic, pressure, or height coordinatesy Ahthese ertical \elocities, either at a
midtropospheric kel or intgrated @er height, whether plain or multiplied by thertr-
cal gradients of entrgpor moisture to yield an apparentdarscale adsction, contains
the lage-scale signal of net precipitation in deepveation. In thamoist-convective pro-
cesses box, precipitation appears mongpéicitly: it might be measured by rada by a
network of rain gquges.

In the diagnostic communityadar and rginsonde-array precipitation estimates
appear to be about equally weighted in the search for a consensafl estifate,



sometimes leang the ostensibly most direct estimates from raimgps as outliers. Here
the invitable temporal correlation betweendarscale deep u@sd motion (or moisture

convergence) and raiafl is properly vieved as a test of ouavious techniques for mea-
suring or inferring area-inggated precipitation.

The problem comes when these same sorts of temporal correlations are interpreted
as @idence for ara priori presumption about the causal links responsible for LSVDC. In
particular when lage-scale / moist-carective correlations are interpreted according to
the flaved conceptual model of Fig. 1, one is led to the erroneous conclusiondeat lar
scale processes (deep wyyd motion in particular) ‘control’ LSVDC. Confusiorver
this issue is illustrated by &dg and Randa#i’(1994) replacement, in the caxttef such
an analysis, of the tertarge-scale pocessesvith noncomvective pocessesdespite their
recognition that areavaraged deep upmwd motion in a corection-containing GAE
rawinsonde array @s the dominant source oénability in this ‘noncomective’ term.
This substitution not only ignoresytiactually obscures the semantic clue to, the xione
clusiity of the moist-cowective and lage-scale catgries.

Discussing the ‘interaction’ of areaeraged upard motion with ensembles of pre-
cipitating cowective clouds is akin to discussing the interaction ofitrdfow with the
ensemble of mang cars. Since tré€ consists mostly of cars, thedvare highly corre-
lated, lut does it follev that trafic flow ‘controls’ carensemble flux? auld focusing on
the correlation between tfef and car flov facilitate the disceery of useful dynamics,
say that southbound left-turning trucks dispatched by a certain cgmmae limiting
traffic (and car) flav at rush hour?

2.3.2. Do clouds modify their eironment though ‘compensating subsidence?’

The latent heat released in precipitating cloudspeeed (lov static eneagy air flovs in

in the laver troposphere, while high static egyerair flovs out aloft), to gently arm
large distant rgions of the atmosphere. The form of therming caused by cwactive
heating is a non-steadyxmanding pattern of denwelling wavefronts in the stratified
environment (Bretherton and Smolankiez 1989, Nicholls et al 1992, Bretherton 1993,
Mapes 1997). Unfortunatelyhe terms ‘compensating subsidence’ and ‘cloud-induced
subsidencé,which might appear to describe this response, werentdéng ago to
describe a mathematical term that arose as a definitionakaitifliterature on the inter-
action of comection with lage scales (OQ@ma 1971, #nai et al 1973, AS74). This sec-
tion examines the conceptual roots of this term, in the tagtetealization’ of lage-
scale 'ertical \elocity from conection.

Ooyama (1971) wrote den conseration equations for ariables describing the
large-scale erironment of cowmective clouds in the tropics. Anverbar vas used to
denote theservironmentalaverage ariables. He then deBd terms for these equations
expressing the &cts of an upward mass flux in an implicit population of embedded pre-
cipitating cowective clouds, assumed to be ofjligible ptysical size.

Under this small-size assumption, argaraged and eironmental alues ofstate
variables are approximately equal, since in-cloud and out-of-clluéwvarer’radically
different. Havever, this is not true of ertical \elocity, because in-cloudevtical mass



flux is important no matter hosmall the clouds are assumed to be. Herga®® intro-
duced an interestingkeeption to his notation.df all other variables, an erbar indi-
catedenvironmental values. But for \ertical \elocity, an werbar vas used to indicate a
total area average, including the cowvective cloud mass flux. This Ige-scale grtical
velocity w in pressure coordinates (equal to visatimes \ertical mass flux) is thew =
W, + W, Wherefor w only the subscript e is used to denote thérenmental alue (eq.
22 of Ogyama 1971). The in-cloud mass flux is representedybyrhen the ertical

adwection of an arbitrary @ironmental quantityt becomes

0___0_ 0 _
ooeG—pa = wﬁa —mCa—pa (1)

This permits the generic consation equation for an gimonmental \ariable a,
with source §, to be revritten in the form:

0. ., o S 0 -
50 * VvV Ooua) + (.)_apa = mcﬁa + Sy @
Because of the notational igelarity, the left hand side molooks just lile an ordinary

expansion of the material deative, while a ne term has appeared on the right.

Ooyama called this term:

...a virtual source ail when the lage-scale bdget is formulated in
terms of the “mean”ertical \elocity .

He noted that other forms for writing the equation were morev&aant for interpreta-
tion of physical processe€s.

If the distinction betweetarge-scale andadiabatic (ervironmental) ertical \eloc-
ity is ignored, this ‘virtual’ term on the RHS of (2) is mistaky elevated to the status of
physical reality Later authors seem tovassociated this term with a more literal image
of adwection by compensating subsidence in thérenment between cemrctive clouds.
For example, Arakava and Schubert (1974) stated:

...cumulus clouds modify the @mnment through the cumulus-
induced subsidence, {Min the emironment.

In their contat, ‘ervironment’ plicitty meant local ervironment, while the ward
‘induce’ is defined in the Random House dictionary as “...to bring about, produce, or
causé.Yet no equation geerning \ertical \elocity has been considered in the datibn.

How did a diagnostic mathematical statement come to be associated with a echadal v
statement? The answer lies in interpretaissumptions about

It is an interesting foray into scientific culture to considew ltiee word “subsid-
ence” became attached to this term. Algebraic forms witlative signs appearing



before the cloud mass flux seem towéddeen carefully arranged. In AS74, the &M
0 -
ca_zu '
when substituted into the final equations (their 29-30) of form (2)aiaivet al (1973),
pressure coordinates were used for #rical gradient, bt the symbolic substitution M

= -w. rendered the termMC;—pa. The sense that this term reflectygibal action by
clouds vas perhaps bolstered by tteetf that both these papers eed at the term only

after detailed devations ivolving equations for ensembles of model clouds.

quoted in the xecerpt abwe actually appears with an additionabagon, as M

To fix ideas, consider the case of the thermodynamic equatibegomes potential
temperatured) for a reion containing strong tropical cegction. Since local change,
horizontal adection, and erironmental® sources (mainly radiationubalso gapora-
tion of detrained condensate) are all considerably smétierdominant balance in (2)
for this case is:

_0z_. .05
%e~%a_pe ®)

The lage-scale apparent agltion term on the left and the term on the right are both
positive for this case, with ~ . <0, indicating upward motion. Wl would one associ-
ate the word “subsidence” with the term on the right? Ithe upwad corvective mass
flux itself corverted to isentropic coordinates. Of course, wenkna plysical grounds
that if air goes up in clouds, there must be compensating subsidencghssmeBut
equations (2)-(3) say nothing about that.

Origins of the ‘compensating subsidence’ image can be glimpsed yants
(1971) unnumbered equation between his (28) and (29). He notes that if owe €ets
then the thermodynamic equation becomegléuting horizontal adaction and §)

O . 0z
a‘p(e) = w0 @

where the subscript p refers to local change at constant presswé4)N\toes describe
clouds varming their emronment through local compensating subsidencevéting

to isentropic coordinates clarifies the state t(e) = _¥0p9 (p) so (4) becomes
ty (9 pCbt 0

(p) = —we>0 (5)

9
3,

Surfaces of constart descend (increase their pressure) at a rate equal and opposite
to the upvard mass flux in clouds. But this instantaneous relationship of isentropic



descent to cloud mass flux is not contained in the thermodynamic equation in form (2).
Ratherit is a consequence of introducing an additioredy strong, unjustifiableertical
equation of motione= 0.

More generallythe image of local cloud-induced subsidence arises from the con-
ceptual externalization of w - that is, from the lae-scale - moist-cagction separation
that is the subject of this section. AS74 seems to be based on the fundamental presump-
tion that because is ‘large-scalé,it is a knavn quantity in the conse of a GCM, as if
its fluctuations were entirely determined by the part of the atmosphere outside the con-
vection-containing grid box in question. Under this presumption, the @asérst that
W, = W - Wz remains small might appear to be avpdful constraint oy, a firm founda-

tion for the parameterization af;, in terms ofw. This presumption is at the root of their
quasi-equilibrium fipothesis, and of equilibrium-control theories generally

However, w averaged wer ary limited area of the atmosphere has an internally
determined (diabatic) part that, in the eecting tropics, is much Iger than the der-
nally determined (adiabatic) part. yRically, when upwelling and denwelling wave-
fronts, launched by recent cgttve heating changes in the area, cross the sarea
boundarythenw changes. The onlyay w could be gternally controlled is if thexer-
nal dynamics were a special and elaborate function of the intewrabx&mple, the
external dynamics might ka incoming vavefronts that are mirror images of the outgo-
ing wavefronts just inside the arsaboundaryin this case the avds “externally deter-
mined” would hardly seem to applin fact, the case (4)-(5) where local compensating
subsidence reallyxésts = 0) can only be realized with such a ‘reflecting’ boundary
surrounding a corecting regjion, or equialently with periodic boundary conditions.

2.3.3.  Comments on cloud ensemble modeling methodol ogy

The graving field of cloud ensemble modeling (CEM) has embraced, for reasons of
computational corenience, the problematical notions ofjesscale ‘forcing’ and ‘com-
pensating’ subsidence. In a typical CEMperiment, areaseraged deep upard
motiont, as measured by a tropicaliviasonde arrayis imposed uniformly on a compu-
tational domain capable of resolving and representing moistectbon. The ensuing
adiabatic cooling destabilizes the domain rapidlp comection soon breaks out.
Because the lateral boundary conditions are artificially closed (typipa&itiodic), the
subsiding motions dren by the resulting latent heating gradients, which in the atmo-
sphere wuld expand rapidly to déct a \ery laige reion, are trapped within the domain.

In such an eperiment, &rge-scale upward motion is quietly reinterpreted adia-
batic upward motion. But the &cts of this conceptual error are disguised or compen-
sated by the unrealistic closed boundary conditions. A state of statistical balamdis pre
between the artificially adiabatic upvd motion and the artificially trapped subsidence.
The fact that these models maintain a statistical state that is grossly similar to nature
(e.g., the temperature stays ‘near’ a moist adiabat) appeaadidat® the werarching

1. In mary cases, laje-scale grticaladvection is specified, in a forcing term that also includes small hori-
zontal adection and obseed local change terms. In this case, model-predicgitsal gradients are not used..



conceptual framegork. For example, CEM gperiments are the basis of Arakals
(1993) statements that “Cumulus #iti is rather strongly modulated by d¢ge-scale pro-
cesses...In conclusion, cumulus wtyi is basically parameterizable in terms ofgkar
scale processésThese statements contain thalse premise that cumulus adfy
(meaning precipitating cerction) issmall-scale, and more specifically that obseds
large-scale grtical motion is a ‘forcing’ farrather than an essential part of, precipitating
moist cowection.

We shall see in section 4 that the output from CEleements is indct tellingly
different from nature: the real tropical troposphere does not cool throughout its depth a
couple of hours before and during outbreaks of deegection. Indeed, from an a priori
dynamical standpoint, there simply arteafy recognized dynamical phenomena in the
tropical troposphere that could cause the kind of intense, adiabatic forced lifting used in
CEM experiments.

CEM experiments are li& puppet shes. To the atent that the puppetmak and
puppetmaster lve obsered nature, there is a certain realism to the \iehaf the pup-
pets, lut the sinevs of cause and fefct are all wrong. Is this a retent framevork for
evaluating the sensifities of cowective cloud populations taxeernal parameters, such
as SST changes or radieiprocesses?

3. Equilibrium vs. activation controls on convection

SURF activation ‘ﬁ“
FLUX o oM

buoyant
free ascent

free energy

CAPE
""""""""""""""""" TRAD o PYN
et | f >
Mixed layer LFC . LNEB
parcel height

Figure 4. A free-enegy depiction of a parcel model for a@ttion. The height of a par-
cel is shavn in the horizontal, with the Vel of free comection (LFC) indicated. The
cumulatize integral of work done in lifting the parcel is indicated with the hebne, as
a function of the parced’height. A parcel of boundary-layer air (circle) requirevacti
tion to orercome the engy barrier (CIN) and liberate the CAPE. Dynamical processes
(DYN) vary CAPE and CIN, while swuate flux (SURF FLUX) raises the platform on the
left and radiation (RAD) lers the platform on the right.



Figure 4 shars a schematic illustration of the state of conditional instabilitsatd
deep comection that preails across much of the tropics. The altitude of avecting
parcel (indicated by a ball) is shin on the horizontal axis, while thenical dimension
indicates a system “free eqggf’ The heay cure is an engy surfice along which the
process of deep parcel ascent occurs. This depiction mimics freg diegrams used in
chemistry to discuss reaction rates for gaécally favorable, lnt inhibited, chemical
reactions. The cweective inhibition (CIN, analogous téree energy of activation in
chemistry) is depicted as a baryier distance uphill, while thevailable enegy that is
released by spontaneousopant parcel ascent from theues of Free Cowvection (LFC)
to the Level of Neutral Bugang/ (LNB) -the CAPE- is shen as a danhill plunge. Fig.
4 is simply a parcel model ofibyant cowection, as discussed inyaelementary meteo-
rology text, turned on its side.

The cowective mass flux can be considered a “reaction’rdte,rate at which par-
cels of air from near the earshsurice cross the agtition enegy barrier at the LFC and
ascend to the upper troposphere, in\eemigrid-box or lage-scale patch of the atmo-
sphere. Is this rate controlled by changes in the amount of thehdbplunge (as a
large-scale function of space and time)? Or is it controlled by the rate at which parcels
are lifted wer the (space and timanable) actration enegy barrier by intense small-
scale lifting processes (whose frequen€ occurrence alsoavies on lage scales)? The
former scenario will hereafter be referred toegsilibrium control, while the latter is
termedactivation control.

The answer to this question is scale-dependent. On the mesoscedgipactiontrol
clearly prevails: the spatial @anization of cowection into arcs or lines, as well as tem-
poral \ariations of mass flux and precipitationeo mesoscale gions, are related to the
existence and vigor of gust fronts, sea and land breezes, drylinergence, etc. On the
other hand, on the Igest space scale (the global grid) and climatic time scales, con-
vection responds to radiedi destabilization quite continuousiyaintaining a state of
near radiatie-corvective equilibrium, without aypapparent role for inhibition.

Somavhere between the mesoscale and global climate scales, then, lies the cross-
over between actation control and equilibrium control. At scaleggiar and longer than
the crosswer, activation can be tan for granted and mass fluanations are controlled
by a deep, Wk destabilization rate. At smaller scales, \ation frequeng plays the
leading role in determining when and where the climatically necessavgatm will
occur In midlatitudes, this crosser scale is the Rossby deformation radiusy@dea
1982, Frank 1983). Equatoand of about 10-15 dgees, hwever (where much of the
world’s comwection occurs), the deformation radius is essentially infinite in the zonal
direction and this simple reasoning breakaimlo

We wish to inquire, with igard to obsered tropical deep carction fluctuations on
various space and time scales - from synoptic to planétany diurnal to climatological
- does equilibrium or astation control preail on this scale? Wh what obserables, and
what obserations, can we makthis distinction? \& begin with a critical reconsideration
of existing evidence that has beerfefed in support of equilibrium control.



4. Equilibrium control theories on sub-global scales: a critique

The defining characteristic of equilibrium-control thinking, referring to Figure 4, is that
processes modulating thegiee of deep carective available enagy are assumed to con-
trol LSVDC. Ary theory or parameterization in which deepwaartion amount is deter-
mined by a quantity intgated @er the depth of the troposphere (such as CAPE, its time
rate of change, or column-iggated moisture caergence) will be considered an equi-
librium-control theoryIn practice, havever, thedeep control assumption is oftenusied

in a lage/slav/deep complbe of space and time scale assumptions, sometimes encapsu-
lated in phrases such glewly-varying large-scale disturbances, with thedeep assump-

tion implicit. After a brief, subjecie listing of historical currents relent to the rise of

the equilibrium-control school of thought (section 4.1), section 4/2we published
evidence for equilibrium control of tropical LSVDC.

4.1. RELEMANT HISTORICAL CURRENTS

e Temperature in the tropical tropospheagies little, by midlatitude standards (~1K
standard déation). Because this is close to the accyafdemperature sensors, it has
been tempting to hope that, despite theylnt nature of carection, with o(1K) oy-
ancies, the source of itamability is not a <1K signal in the stratification profile.

* Sounding indices used successfully by midlatituderection forecastersail when
applied in the tropics. Instability indices ofjienalmean conditions, as obtained by
unbiased radiosonde samplingry oppositely with corection amounter the tropi-
cal ocean, because of sagé comective outflavs. Forecasters h@ been more suc-
cessful looking at upstream disturbances in the wind field.

* Deep, lage-scale upard motion, as measured bywasonde arrays, wariably
accompanies carction.Surface convergence is obseed prior to comective out-
breaks in some cases (e.g. in eastedyes, see Figs. 11-12).

* Early cloud models had diifulty simulating comection. Absurd perturbations were
necessary to initiate ceection, which tended to time better with imposed domain-
wide forced ertical motion.

* Most of the disturbance emprin the tropical troposphere is captured by a first baro-
clinic mode structure in theettical, so it is tempting to try to closedarscale moist
tropical circulations in a terlevel, or one-internal-mode, framverk.

* Quasi-geostrophic theoryas enormously successful apkining lage-scale weather
phenomena in the midlatitudes, and ealtied a generalized wieof the world in
which circulations of lage horizontal scale are assumed to be balanced, deterministic,
and slovly evolving, governing (in the agggate) small-scale orertical circulations.

4.2. PUBLISHED EVIDENCE FOR EQILIBRIUM-CONTROL THEORIES

The most elaborate delopment of an equilibrium-control theoryaw put forth in the
AS74 paper describing the design of a cumulus parameterization. This paper postulated
that mass flux in deep cumulus cloudsies in response to deepdarscale destabiliza-



tion processes. dfmally, the AS74 parameterizationas intended for global atmo-
spheric models, so the functional definition ofylaiand small scales is gridscale and
subgridscale. Hoever, in AS745 diagnostic ¥dence for quasi-equilibrium, discussed

in section 4.2.1, the Marshall Islandsviasonde array (~500 x 1000 km in dimension)
operationally defines Ige scale. More importanthAS74 agued that there is a separa-
tion between cumulus-ensemble andgéascale destabilizatiotime scales (section
4.2.2). ‘Single-column’ tests of cumulus parameterizations may appear to constitute de
facto eidence for the a&lidity of equilibrium-control thinking (section 4.2.3).

Evidence related to the shift of the equilibrium state with forcing (Betts 1974) is dis-
cussed in section 4.2.4. This sensitiest suggests that equilibrium control is novare
lent in the tropics.

42.1. d(CAPE)/dtis “small”

AS74 defined, as a particular measure ofveotive aailable enayy, the cloud werk
function A. A is the intgral over height of the boyang/ experienced by a continuously
entraining parcel of air from a ned layer near the sade ascending to its highestdé
of neutral lmoyang.. AS74 proposed that a quasi-equilibrium farlwfunction preails,

in which lage-scale generation terms are statistically balanced lwectMe consump-
tion terms. When time deatives are represented with areedot, and subscripts LS and
C represent lge-scale ‘generation’ and ogattive ‘consumption’, the quasi-equilibrium
hypothesis may be written simply as

A= ALS+ AC 0 (6)
AS74 xamined six-hourly data from the Marshall Islandsirsonde array in the

tropical western &ific to obtain estimates @f_s and A. Figure 5a is a reproduction of

AS74's Fig. 13a, also reprinted by ENB and in the recetibt®k by Emanuel (1994,
p481), as “striking obseational @idence supporting the quasi-equilibriuyplothesis.

The data points in Fig. 5a shidhat the obserd time changes of A (in 6-hourly

data), are atays smaller than tlyewould be if A_s acted in the absence ¢ (a sce-
nario represented by the dashed line of unit slope). Butrélevant is that comparison?

The lage-scale generation term s consists of processes which tend to change the
vertically integgrated bioyang/ of an entraining ascending parcel. This includes both pro-
cesses which alter the ambient density profile and those which change the pl@rcel’
sity as a function of height. The dominant conttibn to A_s when it is lage (during
periods of strong caection) is cooling of the ambient troposphere bydascale (area
averaged) upward motion taken to occur adiabaticallyThis dominant ‘generation’ term,

Co:—ps , (Where s = GT + gz is dry static engy) is nearly balanced by cegctive ‘con-

sumption’ of A, whose dominant term is the ‘compensating subsidence’ term discussed



in section 2.3.2, gen by wCaipS [see Eq. (4)]. Since» = w, + w, by definition, and

ervironmental ‘ertical mass flux w, remains smallwen during covective outbreaks
(large density anomaliesauld be created if it did not), these generation and consump-
tion terms remain nearly equal.
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Figure 5. Tests of the quasi-equilibriunypothesis, for a) Marshall Islandswiasonde
array data (AS74 Fig. 13) and b) imposed-heating model output (Mapes 1997 Fig. 15).
AS74 interpreted this balance to indicate that cloud massfluesponds rapidly
and obediently to ariations inw. This interpretation as apparently based on a tacit
assumption that, becauseis “large-scalé, it is controlled by lager, external forces.
Though not eplicitly argued, this assumption is apparent in their choice of e w



“forcing” to describe a quantity dominated @aips Within this interpretation, the

results of Fig. 5 do indeed seem to suggest that quasi-equilibriumvisedicstatement
about cowmection, and a strong basis for a parameterization afeotne clouds in lage-
scale models.

Unfortunately the apparently remarkable balance thetpgs A ‘small. meaning

small with respect to the parts into which it has beerded, says more about o
unnatural that @ision is than it does about theysics of comection (section 2.3).

To illustrate the triial nature of the correlation displayed in Fig. 5a, Fig. 5kvshe
similar plot from Mapes (1997), constructed using synthetic data from a simple linear
dry primitive-equation model. In the model, a heating process scaled to resemble a typi-
cal mesoscale cwactive system is specified to fluctuate within a synthetic tropical
radiosonde array similar in dimensions to the Marshall Islands. tasi-equilibrium
holds &en for this case, in which the a@ttive heating ariation is arbitrarily specified,
completely unrespons to the lage-scale fl.l Although this synthetic caection
“consumes” CAPE (it heats the troposphere), the reduction in CAPE is not edbserv
locally, because theast, lage-scale part of the ceections diabatic circulation quickly
redistritutes the heatingver ery lage ragions. This gperiment indicates thdiig. 5a
says nothing about what causesvinsonde aray-scale LSVDC, or about thelation-
ship of comection to any xdernally driven, pe-existing or underlying lage-scale
motions.

4.2.2. AS745 timescale sepation between lage-scale ‘focing’ and cloud ensembles

AS74 stated that quasi-equilibrium holds because there is a clear separation between the
time scale characterizing t@-scale processes and moistwamtive processes. The
characteristic adjustment time of eection (which the labeledt,p; and estimated at

10 - 10* seconds) as postulated to be an order of magnitude smaller than the time scale

characterizing the lge scales1(s, which thg asserted to be “typically” £0s or

greater). This sectiongues that quasi-equilibrium holds to obszhaccurag if either
the cowectionor the lage-scale flv adjusts on a time scale that éster than the tem-
poral resolution of the obsextions. V¢ shall see that botf g andt,pj are “fast’ This

makes it much more ditult to distinguish the direction of cause anfibetf using obser-
vations, lnt section 4.2.4 érs a method for doing so.

Resounding confirmation that a@ttive cloud ensembles va a response time of

~10* s has come from cloud ensemble models (CEMs, discussed in section 2.3.3). Xu
and Arakava (1992) subjected a periodic 2-dimensional cloud-resolving model domain
to a time-arying imposed domainvarage upward motion, with a deep profile through

1. Boundary-layer changes were entirelgleeted in construction of Fig. 5b, while Fig. 5a implicitly

included them inA, but not in AL_s (footnote 12 of AS74). Analogous inclusion of boundary-layer humidity
fluctuations weuld increase theertical scatter of points in Fig. Shytovould not change the conclusions.



the troposphere and a 27 hour period. The allipfoduced by model clouds lags the
forcing by 2-3 hours, with a slightly more dramatic delay inveotive deselopment
when strong wind shear is present (the caseishio Fig. 6). This response time is con-

sistent with AS74 estimate of 10- 10* seconds discussed aeo and is indeed much
less than the 27 hour forcing period (the $6conds mentioned by AS74).

, a) rain

o) fH%ﬁ:u;ﬁ@l%ﬁ :

b) T’

.-"J“ LA
il

imm PR}

15

12

7 (km)

TIME (HR)

Figure 6. Results from the CEMx@eriments of Xu and Araka (1992). Upper panel:

time series ofyxlical forcing by deep adiabatic forced uplift (dotted line), and domain-

averaged rairdll (ensemble range fromwsal g/cles indicated with hatching, mean is

solid line). Bottom panel: temperaturevigion g/cle as a function of height (from Xu
1991).

What about the quasi-equilibriunxtgbited in Fig. 5b? Here it is useful to look
closer at the synthetic radiosonde-array data from the Mapes (Dg8t)neent with
imposed MCS-lik heating in a linearyldrostatic atmospheric model. Figure 7 w&ho
time series of imposed heating, and oféascale (radiosonde array-igtated) ertical
motion for two reasonable radiosonde array sizes. Thygelacale grtical motion is seen
to respond to comctive heating with a characteristic delay time of just 2-3 hours, com-
parable to the delay of clouds todarscale forcing seen in Fig. 6. This delay time is the
time for ~50 m/s gnaty waves (this speed is set by thertical wavelength) to cross the
array Here is thefast, large-scale part of the story that & implicitly excluded by
AS74’s claim that both the space and time scales ofemion are smaller than those of
‘large-scale disturbances’ (section 2.1).
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Figure 7.Time series of imposed MCS-kheating (heg piecavise constant line) in
the Mapes (1997) model, and area-gnéted upward motion as sampled by synthetic
low-latitude ravinsonde arrays of ~500 and ~1000 km diameten{beand lighter gray
lines, respectely).

In summary the reason that quasi-equilibrium yaids in the imposed-heating
model (Fig. 5b) is that Ige-scale grtical motion responds quickly to a@ttion. Quasi-
equilibrium holds twially at the scales represented by radiosonde ar&sy because
gravity wave processes arefiefent at redistriting cowvective heating, and not neces-
sarily because cepction is obedient to lge-scale forcing. Wnote agin that the tropi-
cal atmosphere lgely lacks dynamical processes capable of causing strayeydaale
adiabaticlifting (forcing) like that utilized in CEM geriments.

4.2.3. Semi-pognostic and single-column tests of eection shemes

Cumulus parameterization schemes are sometimes subjected to ‘single-column’ tests. In
these tests, areaeraged ertical \elocity, vertical adection, or moisture caergence,

as functions of time and height, are passed to a scheme that ‘predictd| rates and
heating and drying profiles. When the inputs arenafkom ravinsonde-array obseav
tions, the outputs reproduce well the ralhfheating, and drying diagnosed from those
same obseations. Such results are interpreted\adence for the a&lidity of the param-
eterization and, byx¢ension, for the underlying equilibrium-controtgothesis. Section
2.3.1 discussed the logicalwla in this thinking. Here we merely reiterate that correla-
tions between cross-isentropic (wgnd) motion and raimdl arise because both are
redundant indices of net condensation, not because the former controls the latter

4.2.4. Le Chateliers principle: the shift of the equilibrium state withdimg

We hae seen that the obsew state of quasi-equilibrium characterizing tropical
LSVDC holds because both ¢gr-scale grtical motion and comective cloud ensembles
have response times short compared to the resolution of alissrs. Hev can we assess



whether lage-scale upard motion dwes corection in LSVDC, as assumed in equilib-
rium-control theories, or the otheawround?

The 19th century chemist Le Chatelier proposed that the state of a continually
forced equilibrium-controlled chemical reaction shifts slighttsag from equilibrium, in
the direction of the forcing. This intuigly appealing principle ales precision of mea-
surement of the mean state to be substituted, where the time resolution chtilizeis
inadequate to resa@vcause and fefct relationships.
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Figure 8. Betts (1974) disturbed minus dry day téfences in composite temperature,
mixing ratio  and equialent potential temperature, from ~30€nézuelan soundings.
Betts (1974) diided \enezuelan rayrseason soundings into disturbed and dry cat-
egories, andyamined the dference between the disturbed and dry means (Fig. 8). The
temperature, in particulawas obsergd to be cooler during disturbed periods throughout

the troposphere. Betts interpreted these resultwvidenee for AS74 contemporary
quasi-equilibrium idea:

These trends are in the direction of the forcing: kaneple, lage-
scale mean ascent will tend to cool and moisten the atmosphere in dis-



turbed conditions. The cweective transports are a response to this forcing,
and in the main produce the oppositeef- a varming and drying. The
mean atmospheric state which we obsaepresents some balance
between these opposing processesvéder, as one mightect, this
“balanced state” shifts in the direction of the forcing. The concept of a bal-
anced state while ceaction is in progress is closely related to the quasi-
equilibrium typothesis...

Bettss (1974) method constitutes perhaps the most distinguishing test of the equi-
librium-control typothesis eer published. Similar cooling of the troposphere during dis-
turbed periods also characterizes forced cloud ensemble model results (Fig. 6). When the
latent heating in precipitating clouds lags a forced deep uplift of the troposphere (Fig.
6a), the atmosphere tends to be cooler duriny éniods (Fig. 6b).

There is also an ergetic rel@ance to this question of the temperature inveoting
regions of disturbances, as summarized by ENB:

Suppose that the ceection lags the forcing értical \elocity) by a
small amount. The cerctive heating is slightly displaced into the cold
phase of the ave, leading to a mative correlation of heating and temper-
ature, and thus to decay of thew...In general, awes will experience
Moist Corvective Damping (MCD).

Rairy periods are also more humid, both in Fig. 8 and in forced cloud ensemble
model experiments. Haever, interpretation of this humidity signal is ambiguous, since
both adiabatic uplift of unsaturatedvéenmental air and detrainment of saturated air
and liquid vater by cumulus clouds could contrib to humidification. The somwhat
convoluted nature of scale-separated thinking Viglent in BettsS comments alve.
Moistening during disturbed conditions is interpreted aslaré of comective clouds to
dry the atmosphera$t enough. The tendgnef corvective clouds to moisten theirén
ronment has been defineday, given over to a lage-scale mean ascent that is presumed
to be aternal, a ‘forcing.

What kind of temperature d&rence between disturbed and dry periodsila pre-
vail if activation control, rather than equilibrium control, were operating? A simpler case
is one in which covection fluctuations simply ka no precursor or underlying tempera-
ture signals. Figure 9 shs the (virtual) temperature perturbation in the vicinity of the
imposed MCS-lik heating in the Mapes (199 &periments described abm The heat-
ing profile (dashed) is top-hea as is characteristic of MCSs. The local temperature per-
turbation (solid) is tw-signed, with strong arming aloft and cooling of the wer
troposphere. No cold dmdraft outflavs are included, so the absence of temperature
anomalies in the boundary layer is unrealisticvétheless, Fig. 9 can function as an
extreme null lypothesis, a contrast to Fig. 6b or Fig. 8.
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Figure 9. Composite temperature perturbation (solid) in the vicinity of MC8igating
(profile shavn dashed) in the imposed-heating model of Mapes (1997).

A great deal of sounding data has been collected in the tropics since the time of
Betts (1974). Hev has the equilibrium-control suppositicaréd? Figure 10 shs tem-
perature profiles in disturbed-undisturbed composites fromEzkd CARE sounding
data. Both these major data setsvslzooling of the laver troposphere andasming of
the upper troposphere during disturbed periods. Similar results in Australian monsoon
data were shen by Mapes and Houze (1992). On a slighthgéarscale, correlations
between temperature andwiasonde array\grage upward motion hae been shon to
have similar 2-layer structure, indicating uppearming during covectively active peri-
ods (e.g. King and Merritt 1974, Stens et al 1996 and refs therein).

The deep cooling during disturbed periods seen by Betts (Fig. 8) must be considered
the exception. The reason seems to be thatézuelan raiall is afected by uppetro-
pospheric troughsyen in summer (Riehl 1977). As discussed in section 6, deep lifting
ahead of uppetropospheric troughs could cause enhancesemion by either equilib-
rium or actvation control mechanisms, so the results in such situations cannot easily be
taken as eidence for one ypothesis or the other
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Figure 10. Active minus suppressed composite temperature T and virtual tempegature T

profiles. Dp panel: GAE T data caigorized based on sace raindll (Grube 1979).
Bottom panel: CBRE T (brolen) and J(solid) data, lavest minus highest géles of

minimum satellite-obseed IR temperature within a 55 km square box centered on the
sounding site (Mapes 1997b).

In summary Bettss (1974) test is more definié than the other published lines of
evidence for equilibrium control considered &boWhen applied across the tropics,
however, this test indicates that equilibrium control is not the main mechanism for
dynamically determined LSVDC in the tropics.



5. Elementsof an activation-control theory for LSVDC

Since the @idence does not support equilibrium control theories, perhapatimti con-
trol can preide explanations for arious types of LSVDC. In this section we consider
briefly a fav familiar e<kamples, such as African easterlgwes (section 5.1), the clima-
tological enhancements of amction obsered where conae coastlines focus land
breezes at o levels (section 5.2), andrents in the case of a shallaippertroposphere
shortwave trough. In African \aves, wave modulation of temperature near the LFC is the
basis for the ypothesized actation control, while in the latter case it is the frequyewic
occurrence of sfitiently enegetic triggering disturbances that modulates the LSVDC in
question. Section 5.4 discusseswvhthe \ariable coristence of lav-level and deep
dynamical vaves of cooling ecited by comective heating might prade a useful signal
for distinguishing equilibrium from aefation controls, in the general coxteof self-
organizing tropical covective disturbances.

This section tacitly assumes nedniquitous &ailability of some boundary-layer air
with high enough equalent potential temperatur@ to support deep coaction. This

assumption is based on the widespread notion tkeattbe tropical oceans, the subcloud
layer has a ‘fully receered’ state, essentially an equilibriumlwe offg to which con-
vective outflav wakes are gradually restored by sué fluxes. For example, estimates of
the ‘disturbed’ fraction of the boundary layee. the fractional area wered by ‘unre-
covered’ cowective outflav wakes, vas about 30% for GFE (Gaynor and Ropeleski
1979). Raymond (1995 and thislume) deduces thaver warm oceans, subcloud-layer
6, hovers near a thresholéile necessary for the nearly ubiquitous occurrence of moist

corvection (mainly shalle). Additional criteria then presumably act to determine where
the much more sporadic outbreaksle#p corvection occur

More discussion of boundary layeanability and its role in LSVDC is in section 6.
5.1. AFRICAN EASTERLY WAVES: AN ACTIVATION-CONTROL VIEW

Perhaps the mosariliar, strongestx@ample of synoptically-controlled ceective \aria-

tion in the Topics is African easterly aves (see e.g. Thorncroft and Hoskins 1994 and
numerous earlier references therein). Theveotion obsered in the GAE field pro-
gram vas strongly modulated by thesewss (e.g. Houze and Betts 1981 and refs). The
waves arise from instability of the African easterly jet at about 650sishematic east-
west cross section of an easterlgve/ train is shevn in Fig. 11. Vdves are indicated as
vorticity perturbations at jet\el, with the trough (posite vorticity) in the center of the
diagram. The adiabatic cleair vertical motions that occur as part of thaverinduced
secondary circulation &t arravs) can be rationalized from quasi-geostrophic reasoning.
For example, ahead of (west of) the troughwievel adiabatic ascent occurs, in order to
prepare the cool core necessary for simultanegdsoktatic and geostrophic balance in
the oncoming 650 mb trough (e.g. Jenkins, 1995). Scale analysis (T’ ~ 1K, 4 day period)
indicates that thisartical motion has pealaiues of ~ 10 - 15 mb/daileanwhile, radi-
ative subsidence is 30 - 50 mb/dayhile the total obserd \ertical motion is a deep
ascent, xceeding 150 mb/day in the trough, where theveotion is most acte.



Theadiabatic vertical \elocity is only about a tenth asdaras total ertical \elocity,
which consists mainly of diabatic upvd motion in clouds, centered in the trough.

L™
o ey

S R N T S R N

Figure 11. Schematic E-W cross-section through an African eastenlg wRidges (R),
northerlies (N), troughs (T), and southerlies (S) are indicAftidbatic vertical motions
indicated by arnes. Deep covection is most frequent in and just ahead of the trough.

How does such a ave oganize comection? An actiation-control theory might
suggest that the cool core atvidevels (near the LFC) reduces CIN, and hencenallo
deep conective clouds to deslop more easilyEnhanced comection would then be pre-
dicted in the trough ggon T, in agreement with obseations (e.g. Thompson et al 1979,
Houze and Betts 1981 and refs). Furthermore, Fig. 12 (from Grube 197@% Stai
cooling near the LFC preceded the onset ofrecotve raintill in the GAE data.
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Figure 12. Temperature profiles before, during and after rain, from 3-hourlyEdata
(Grube 1979).



An activation-control lypothesis, in which camction is sensite to the lav-level
adiabatic displacement (temperature) field rather than the adiabet@ah\elocity per
se, also predicts an amplitude-dependent phase fwection enhancement in these
waves. Strong aves would hare cowvection-enhancing displacementsther ahead of
the trough, while in a weakawve only the lagest displacement, right in the trough, could
malke a diference to covective cloud viability Here is a testableypothesis.

It is worth contrasting Fig. 11 with the schematic diagram in the idealized instability
study of Thorncroft and Hoskins (1994), which suggested that African eastidg w
would enhance deep omttion a quarter avelength ahead of the trough. The reasoning
is that since lav-level corvergence and deep ceection are knen to be correlated, the
corvection will occur where the ave-induced la-level corvergence is maximum. This
reasoning dils to distinguish between the almost unobskely weak (10-15 mb/day),
but important,adiabatic vertical motions induced in clear air by thews, and theotal
large-scale (150 mb/day mostly diabatic, in clouds)evtical \elocity. Correlations of
convection with the latter hee apparently been transferred to the former

5.2. CLIMATOLOGICAL RAINFALL ENHANCEMENTS IN CONCA/E GULFS

Climatological maps of caection from satellite data often shg@ronounced maxima
offshore of landmasses, especially in conecbays or gulfs. & example, Fig. 13 shes
15-year mean Highly Refleeg Cloud (HRC) data, indicat of oganized deep caec-
tion, in the neaequatorial Maritime Continent geon. Although HRC has morning-
biased diurnal sampling that tends to underestimate lancection, it has relately

high spatial resolution (1 deese).
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Figure 13. Highly Reflectve Cloud (HRC) climatology for the maritime continent
region. Values range from 0 (dark) to 6 (white) days per month.



Consider for gample the climatological maximum in Batu Bajf the northwest
coast of Borneo, at 4N, 112E. Thésbiore comection in Batu Bay @&s intensiely stud-
ied with radar by Houze et al (1981). A land breezeveging ofshore initiated the
development of aganized cowection near midnight mannights. The enhanced fre-
queng of activation at lav levels translates directly into a climatological enhancement
of rainfall. We may deduce that the deep circulations which supply the moisture and
redistritute the heating are simply those circulationsedriby the covection itself.

Similar enhancements of ogettion, presumably also adtion-controlled, are
found in the Gulf of Bhama, the Gulf of Guinea, and essentiaigrgwhere that land
meets sea in the ceecting latitudes of the tropics. Other features of Fig. 13, such as the
equatorial minimum at the east edge of the figure, and ultimatelyéhallcclimatologi-
cal pattern, may also v activation-controlled origins, waiting discwery by careful
investigation.

5.3. THE ABSENCE OF CONVECTION IN B@LIBRIUM-FORCED CASES

It may be more profitable in some cases to ask, noy ‘tlidhcorvection occur at location
X,” but rather as “wih did corvection not occur at location Y?”

Consider the adiabatic forcingent of 23-24 Januarl 987, eer the Gulf of Car-
pentaria in Australia. A cutbfow from the southern hemisphere uppepospheric
westerlies drifted eer Thursday Island (at latitude 10S). Thislonic potential vrticity
anomaly is apparent in the meridional winds (Fig. 14a), which swung from ~20 m/s
southerlies to ~20 m/s northerlies at the 200 mbllat the trough passedear the site.
Thermal wind balance entailed a considerable thermal anomaly field - cool coxe belo
warm core abee - despite the o latitude. The troposphere from 450 to 200 nmdsw
about 2 dgrees cooler than the monthly mean as flodooe passedver (Fig. 14b).
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Figure 14. a) meridional wind profiles of 23-24 January 1987, and b) perturbation tem-
perature profiles (relat to a monthly mean sounding) of 23Z 23 Jan@sy 24 Janu-
ary, and 11Z 24 Januargt Thursday Island (10S, 142E).



Since the standard dation of temperature at thoseéds is about 1 dgee, this can
be considered quite a strong case of ugesl thermal forcing. Havever, because of the
small horizontal scale L of the feature, its “Rossby penetration depth” Nigfakso
small, so the adiabatic lifting beneath and ahead of the trough xtelyded dwn to
~500 mb The cooling caused by passage of this feature caused an adiabatic generation
of CAPE (havever defined) of about 400 J/kgytno conection ensued, despite a moist
boundary layerStrong lev-level trade inersions at 850 and 720 mb, with dry airao
them, apparently pvented deep caective clouds from forming. In this case the
absence of corvection indicates the predominance of\atibn control. The uppdevel
forcing, though quite strong for the tropics, simply dideach &r enough den to break
the inversion inhibiting cowmection at lev levels. Lager upper troughs, by contrast, do
cause outbreaks of tropical e@attion (e.g., Kiladis and gickmann 1992).

5.4. THE VERICAL STRUCTURES OF SELF-EXCITING BNAMICAL LSVDC

The comwecting tropics contains a broad spectrum of dynamically determined LSVDC.
Here we consider the general basis for control ofection by comective heating-gen-
erated vave motions. The franveork is the diabatic-adiabatic, or moist-dsgparation
adwocated in section 2. A&jn, boundary-layer regery subtleties are ignored for pur-
poses of simplifying this discussion. What kinds of adiabatic motions does fluctuating
convective heating xcite in its stratified enronment? Specificallywhere and when do

the adiabatic ertical displacements, caused bygtive heating in one location, most
strongly destabilize the atmosphereand derelopment of additional cemction?

The MCS heating-profile measurements of Mapes and Houze (1995) indicate that
two vertical ‘modes’ (or more correctly spectral bands, Mapes 1997) are important (Fig.
15). Figure 15a shwes the temperature field in an initially resting stratified atmosphere
surrounding a MCS-li& heating eent, after 6 hours of constant heating. A deep single-
signed temperatureave has a horizontal phase speed of ~50 m/s, whileoasigned
temperature signal has a phase speed about half as great. Although the heating is posi-
tive-only, some ngative temperature perturbations awltevels are apparent near r=450
km. When ensembles of such MCSelikeating e¥ents come and go, on a rotating earth,
both the 1-signed and 2-signed temperature signals can apjibasither phase, atvi-
ous times and places (Mapes 1997).

The relatve importance of the twmodes in determining LSVDC depends on
whether equilibrium or aatation control preails in nature. Here is the forefront of our
understanding of moist dynamics. The degf@ster mode containarf more engy
(Fig. 15b; recall that geopotential and kinetic ggeare equipartitioned for linear gra
ity waves). Havever, the second mode has disproportionatelydaamplitude in terms of
temperature at @ levels, say near 800 mb, where temperature changes maya hgar-
ticularly strong dect on subsequent cagction (Fig. 12).

The deep mode strongly modulates CAPE, while tleedigned mode &cts CAPE
(and related intgrals aver the whole troposphere) much less, imodulates CIN rather
strongly Because these modesvihat diferent speeds, thiecause independent dynam-
ical modulations of CAPE and CIN. These independent modulations migketitrizds-



sible to isolate and quantify the giees of equilibrium and aeétion control on
corvection. Of course, reklant CAPE and CIN indices must first be defined, perhaps
from cloud modeling results. CIbl\alues in particular are quite sensitito its defini-
tion (Smith, this elume; Mapes 1997b).

If convection is actiation-controlled, then this wvsigned temperature mode might
actually be more important in shaping thewaartion field than the one-signed first baro-
clinic mode. If so, the alidity of two-level or one-internal-mode models of the moist
tropical troposphere auld be questionable, despite tlaetfthat thg can represent most
of theenergy in tropical circulations.
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Figure 15. a) the temperature perturbation, as a function of radius and height, induced by
an idealized transient (6h) MCS+ilheating process in a 140 km circular patch (cen-
tered at the origin) of a realistically stratified atmosphere (Mapes and Houze 1995). b)
The corresponding spectral cfigent expansion of the MH95 obsexd MCS heating

profile, xpressed in terms of geopotential height changes whictdwoccur if the heat-

ing went directly into locally changing temperature.



6. Ambiguous cases: deep lifting, surface flux enhancements

Two of the most common, and important, processes that cause LSVDC are deep adia-
batic lifting, as occurs ahead of upjtiezpospheric troughs (section 6.1), and acefflux
enhancement, aver a sea suate temperature (SST) anomaly (section 6.2). Unfortu-
nately qualitatve studies of these types of LSVDC cannot yield unambiguous results
about whether equilibrium or aetition control predominates. In both cases, the “forc-
ing” acts simultaneously as a supply of moisture and instability through a deep layer and
a wealening influence on cerctive inhibition. Note, haever, that the equilibrium vs.
activation control distinction may kra important quantitate implications for our under-
standing and predictions of these phenomena.

6.1. LARGE-SCALE DEEP LIFTING

Deep lifting increases CAPE and decreases CIN simultaneduslyexample, Fig. 8
indicates that deep coolingvégywhere bele the 320 mb leel) accompanied copc-
tive enhancements inexezuela, where upper troughs are commuen én summer
(Riehl 1977). ¥t it is possible that only thevislevel portion of this deep adiabatic lift-
ing is truly necessary for the enhancement of/eotion (as suggested by Figs. 11-12).
Recall also Fig. 14, section 5.3, which indicated that ufgvet lifting alone vas insuf-
ficient to excite a deep cormective outbreak.

Situations with strong uppéevel forcing hae often been used as test cases for
evaluating comective parameterizationsoFexample, Grell (1993) testedrious cumu-
lus parameterization assumptions in a mesoscale model study of the 10-11 June 1985
Oklahoma squall line, which occurred ahead of an ulgwel shortvave trough, and
concluded:

...dynamic control...determines the modulation of thevection by
the ewironment. It is shen that rate of destabilization, as well as instan-
taneous stabilitywork well for the dynamic control.

Such a conclusioneuld presumably not be generalizable to the less strongly forced sit-
uations which ma up the blk of the world’s LSVDC1

6.2. SURRACE FLUX ENHANCEMENTS

Deep comection anomalies can be caused by changes in SST (as in the ENSO phenome-
non), or by changes in land-sace conditions (such as changes during the diuycé,c
or during droughts). Unfortunatelthere are mandifferent lines of reasoning that are

1. Both of the dynamic control assumptions tested by Grell were equilibrium-control assumptions, gince the
involved int@rals aver the whole troposphere (of clouddyang/ and its rate of forced increasegry few
parameterization schemes are truly undewaitin control (e.g. Ggory and Rwntree 1990), although some
schemes hee low-level triggering conditions in addition to equilibrium-control closures.



qualitatively consistent with the obserion that cowection preferentially occursver
warmer moister suices.

In the realm of local mechanisms, one can think ofasarheat and moisture flux
enhancements tending to increase subcloud-1Byekike deep lifting, havever, sub-

cloud-layer8, enhancement simultaneously increases CAPE and decreases CIN, by rais-

ing the lerel of the platform on the left side of Fig. 4. Strictly speakingydver, it is
necessary to discuss tbanvergence of enhancedertical fluxes across the saide. Here
the compleities of the subcloud and shallanoist cowection (“trade cumulus”) layers
intervene to preent us from making aneasy statements about deepvemtion. Section
7 contains more discussion about these issues.

Sorting out the equilibrium vs. aetition distinction in boundary-forced LSVDC
would require a model of Rothe structure of the whole sade-afected layer of the
atmosphere changes, e.g. with aegi pattern of SST change. This is a formidable task,
as the problem is nonlocal in the horizontal as well asehécal.

7. Discussion and conclusions

Why does deep camrction occur when and where it does? On thgektrscales copc-

tion is inevitable and nearly constant from day to diélye the radiatie processes that
ultimately drive it. On subplanetary scales, eeation inherits spatial structure from
land-sea and sea sack temperature (SST) maps. In the time domain, strong outbreaks
of corvection occur in \arm moist airmasses ahead of strong upggrospheric
troughs. Een crude models, with grof a wide range of assumptions aboutvemtion,

can get this much roughly righto Do furtherone must look more closely at climatolog-
ical spatial structure (e.g. Fig. 13), or at more subtle aspects of tempdedion. In
some cases it may be more discriminating to ask edmvection doesiot occur when

and where it doesn(e.g. Fig. 14, section 5.3).

The ascent of air in deep a@ttive clouds is a spontaneous fraeymant process,
which occurs when and where there is conditional instability andiaienfly vigorous
low-level circulation to lift air to its leel of free comection (LFC). Of course there are
uncertainties in precisely defining instability and LFC, chiefloiving mixing and
microphysics. Still, with modern numerical atmospheric modeling capabilities, we could
surely get started on mapping the valg plysical rggime. What are the quantitati
sensitvities of cowective cloud ensembles to theinmonment?

These sensitities are the final llding blocks we lack for solid theories of a wide
variety of important lage-scale corection-dependent phenomena, and foyspdally
realistic parameterization. Thecan be epected to be rather delicate: tropical cloud
buoyancies are comparable to the error range ofymagasurement systems, and to the
ambiguities of parcel theories of clouddgang. Nonetheless, the obsation that deep
corvection is a boyant phenomenon is unambiguous. It does not seem profitable to
begin by declaring, as equilibrium theories do, that nasueatire range ofariability in
buoyang/-related quantities is gégible, compared to some imaginary scenario (e.g.



Fig. 5). Natural boyang variability may be bgond our capacity to measure accurately
or sample adequatelgut it contains important information about cause afetethat is
essential if we are toain a predictie understanding of the atmosphere.

Precipitating cowvection is a spectrally red phenomenon: the gagngenerated by
the correlation of heating and temperature iruayant updraft is not cloud-scaleutb
broadband. Unfortunatelthe study of tropical deep omttion has been artificially
divided along lines of scale. Mesoscaleartion studies zoom in on cloud and storm
morphology deferring questions ofxistence to a ague ‘lage-scale forcing.Large-
scale studies, based on tla¢ésé premise that ceection is small-scale, define this ‘forc-
ing’ in such a \ay that it is dominated by (a smootheatsion of) the upard motion in
the comwection itself. In essence, clouds are depicted as puppets ofwinedliabatic cir-
culations. This depiction is enforced in closed-domain forced cloud ensemble modeling
experiments, and codified in supply-side parameterizations. The questioy obwikc-
tion varies in the first placelfis entirely between the cracks.

Could it be that LSVDC are caused bygkxscale ariations in the rate at which air
is lifted to its LFC? Adiabatic atmospheriawe dynamics can modulate the height of
the LFC, and corective inhibition (CIN), on broad scales. Gust fronts fromvimes
cornvective outflavs trigger ne cells, lending a time scale matimes longer than a sin-
gle cloud lifetime to the delopment of deep coactive outbreaks. Theyjpothesis that
deep cowection amount is controlled by thendevel processes that gern its initiation
is here termed “aatation control. Note that surdice varmth and moisture flux anoma-
lies, and deep adiabatic lifting of atmospheric columns, tera¢éo €orvection by acti-
vation control, in addition to their oft-cited “equilibrium control*fexfts (supplying
moisture, generating CAPE). Thefdifence between the dacontrol lypotheses is only
distinguishable quantitagly in these cases.

Essentially all meteorological phenomena in the tropics that aye émough to con-
tain statistically significant numbers of embedded precipitating cloud systems - including
ENSO, monsoons, easterlyawes, hurricanes, the Madden-Julian oscillation, the diurnal
cycle, etc. - could stand critical sesmination in light of the aatation-control lypothe-
sis. Inhibition must be quantified on an aescale set by the statistical vigor of the
boundary-layer eddy motions that trigger deepveotion. Havever, there are seral
difficulties that must bevercome in order to delop a quantitafie actvation-control
theory

Simply defining CIN (and CAPE) in a usefubwis hard (see e.g. Smith, thislv
ume). First, it isdr from clear what air becomes the rising ‘parcel’ in parcel models of
deep cowection. Assumptions about mixing and micrggical processes stronglyfedt
computations of the parceltuoyang. In the tropics, nearly undilute ascent of air from
the lavest 50 mb, with ater precipitating out, seems to be necessaryuoydmnt deep
convection to reach tropopause altitudes as is oksemdavever, deep cowvection also
involves substantial mass transfers among intermediate layers of the troposphere. Sec-
ond, boundary-laye6, is horizontally and temporally inhomogeneous @mnyvsmall
scales, especially ing@ns in which deep ceomction is underay (e.g. Véckwerth et al.
1996).



Corvection dravs preferentially from a supply of highsair, and creates cold out-
flow ‘wakes, typically with lower 8, (see Addis et al 1984 for some interestingep-
tions). The ‘gust fronts’ which bound thesakes are a & mechanism for lifting the
high-8, air to its LFC. Theaverage thermodynamic properties of theseottypes of air-
masses, which are intimately intermingled on the mesosealapbtruly mixed, is irrel-
evant. The ideal situation for deep ®ention is probably to k@ both an adequate
supply of high, air and plenty of gust fronts. Models of &ation-controlled LSVDC
will need to carry more than just one meatue for temperature and humidity in the
boundary-layer of a grid cell.

The role of sudce flux anomalies in LSVDC is a particularly challenging issue.
Enhancements of sade moisture flux (e.g. by increased wind speed) must cause
enhanced moisture fleg by comective clouds, since the storage capacity of the sub-
cloud layer is small (Raymond, 1995 and thotume). Havever, it is by no means clear
that these enhanced fes at the suace and the top of the subcloud layer translate
straightforvardly into enhancements déep convection. Obserational studies (cited by
Raymond) she that the sudce moisture flux does not tend to wemge within the sub-
cloud layer but instead is carried u&d in shallav cumuli. This renders dubious ENB’
claim, in connection with the AS74 quasi-equilibrium obagons (Fig. 5a abe) that

“surface flwes and radiate cooling...generate about 4000 J'kgf available enegy
each day AS74 declined een to estimate the contrition of surfice fluxes to aailable
enegy generation (their footnote 12).

The role of mesoscale ‘ganization” in determining cemection amount remains
unclear For example, coherent boundary-layer rolls, or a linear gust front aligned across
ambient wind sheamay be able to lift air to its LFC much mordeefively than an
equialent area of spotty boundary-layer thermals of\vedeint eneagy. In the chemistry
analogy of Fig. 4, the free eggrof actvation is composed of twparts: an enthaypof
activation, and an entrgpof activation. A reaction with a high entrppof activation
requires gganization: it might imolve, for xkample, tvo reactant molecules that must
collide with a precise orientation. &w if the required collision ergy is small, the reac-
tion might be highly inhibited and sip because of the o likelihood of oganized
geometry Increasing collisiorenergy (temperature) might not speed up such a reaction
as much as increasimgganization, say by an electric field that aligns the molecules.

In the case of camection, “oganization” might mak itself felt through reduced
mixing. If clouds can be made to entrain less, say lmtdimensional geometrpr if
clouds can preferentially entrain moistean-aerage air then more air can achkie
deep loyant ascent. Alternately, if the cool phase of gvity waves at the LFC is sys-
tematically coordinated with Va-level lifting processes, more air can be “aated” than
if the same amount of ergr were more randomly distabed. In short, predicting the
activation rate of deep clouds (§@amas 1971 “dispatcher function”) requires kvle
edge not only of the subgridscale disfitibns of6,, entrainment rate, and gity wave
enepgy near the LFC, Ut also of their intercorrelations (see Mapes 1997bxamples
and further discussion).



Clearly this situation is hopeless in detail. In practice, one could perhaps collapse
the complgity into a single, empirically-tuned subgridscale disttibn of “effective
convective inhibition} whose tail of ngative values gies an estimate of the fraction of
the gridbox that is camecting. Lest this discussion sound too pessimistic, we note that a
relatively simple actiation-control theorybased on simply-defined CIN alone, can skill-
fully hindcast cowection in the central US (e.g. Colby 1984).

A better understanding of the statistical sevisittis of the comective initiation pro-
cess is badly needed. The sem#itiof cumulus ensembles which include deep precipi-
tating clouds to humidittemperature, and wind shear changesiious layers should
be carefully gamined. Here is anxeellent climate-releant use for cloud-resolving
models. Unfortunatelythese issues cannot be addressed by magefiments run in
equilibrium-controlled ‘puppet siid modes. Meanwhile, prognostic ogttive storm
model runs are influenced by arbitrary initial conditions throughout thgratien.

Many fundamental, model-accessible questions remain unansweredvend e
unasled. The field is ripe forsploration. Demanding high standards gpkanation for
LSVDC could ultimately lead us to considerably better tropical, and hence global, pre-
dictions on a wide range of space and time scales.
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